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ABSTRACT
Leigh Sumner: Electrocatalytic Oxygen Reduction Studies on Gold Nanoparticles
(Under the direction of Dr. Saumen Chakraborty)
After determining that the size of nanoclusters can be tuned such that they have a
precise formula much like a chemical compound, much is still not known about
nanoclusters, their properties, and how they interact if core size, ligand, and even
environment is changed. One such mystery is how does the size of the nanoparticle tune
its ability as a catalyst. As it is known that nanoparticles possess unique properties, studies
have begun to look towards nanoclusters as catalysts for alternative forms of energy.
Therefore, determining how size affects the ability of a nanoparticle catalyst becomes a
very important question. To begin to understand how size affects the ability of the
nanoparticle as a catalyst, two different series of nanoclusters were observed. Unlike
previous studies, all the nanoparticles in the series have the same ligand in order to
minimize ligand affects and concentrate on the effect of the size. It was found that for both
series the largest AuNM, for both series, was the most selective when reducing O2 and
produced the most OH- and the least HO2- for each series. The results suggest that as the
size of the AuNM increase the ability as a catalyst does as well, implying that these studies
could potential be used as a guide toward designing efficient fuel cells.
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Chapter 1: Introduction

1.1 Nanoparticles and nanoclusters
Nanoparticles are considered to be a class of nanomaterials whose diameters are
between one and a few hundred of nanometers. These small nanoparticles have unique
electronic and atomic structures compared to the larger bulk materials and are studied for
their distinctive properties.6 While research on nanoparticles in general is not a novel new
science and its history dates back to the Roman period, until recently, chemist have still
been frustrated by the fact that no two nanoparticles are the same.7 Therefore for a time, a
major dream in nanochemistry was to synthesize truly uniform nanoparticles at the ultimate
atomic level, namely, atomically precise nanoparticles.7 As early as 2012, this dream had
become a partial reality. Groups such as Qian et al, and Jin et al. began to publish cases of
ultrasmall gold nanoparticles that had diameters ranging from subnanometer to ~2.2 nm
(equivalent to ~10-300 atoms) called nanoclusters.7 Based on research using atomically
precise nanoparticles, researchers could begin to discover fundamental properties of
colloids at an atomic level. With pioneering research into such topics, it was found that
gold nanoparticles with atomic precision could be synthesized and be considered
“compound” like in that they could be assigned specific formulas instead of the size ranges
used in the past to classify them.7 So much like glucose is C6H12O6, these nanoparticles
have formulas such as Au28S20 where S stands for the ligand. This is further shown in
Figure 1 where four of these compound like nanoparticles are shown. These precise
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nanoparticles later when on to be called nanoclusters so that they would not be confused
with less precise conventional gold nanoparticles.7

Figure 1 X-ray Crystal Structure of Series 2. The figure above represents the x-ray
crystal structures of series 2. The structures above should clarify the above introduction
into clusters and their “compound” like quality and specific formulas. As seen above in ad.34 Furthermore, the crystal structures further go to show how different the series is based
on size.
Later it was discovered that ultrasmall nanoparticles, less than 2 nm in diameter could be
considered to be molecule like in their properties as at that size the electronic band structure
becomes discontinuous and breaks into discrete energy levels similar to that of a molecule.
Due to this these ultrasmall nanoparticles, called nanoclusters, can be considered the bridge
between molecules and nanoparticles as nanoparticles bridge nanoclusters and bulk metals.
This relationship is shown below in figure 2.
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Figure 2 Size range of molecules to clusters to particles to bulk.7 The above figure
shows the size differentiation between molecules, clusters and particles. It is included to
further clarify the above introduction so that the ranges given above can be put into context.
In general, for metal colloidal nanoparticles, more than a century of research has
been conducted, allowing for excellent control of both the particle size and shape. Today,
particle size, shape, and crystalline structure call all be determined via TEM. 10 The ability
to accurately model and compare the structural parameters and optical properties with
experimental values has made the science of surface functionalization of nanoparticles to
become very advanced and has opened up many new applications of nanoparticles in a
variety of fields.10,11 However, even with such technological advances in the understanding
of nanoparticles, the surface layer was still poorly understood as TEM could not directly
image organic stabilizers or the interface of the surface layer.7 Other methods, such as
spectroscopic analysis also fall short in characterizing nanoparticles as they have two major
difficulties: polydispersity and heterogeneity of nanoparticles as well as excess ligands or
surfactants, residual reactants, and side products in colloids.7 Therefore information such
as questions pertaining to what protected the nanoparticle surface, how the surface
stabilizers bonded to the inorganic core, and what determined the stability of nanoparticles
still remained.7 As catalysis chemistry relies heavily on the surface of the catalyst,
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developing a complete understanding of the surfaces and interfaces of nanoparticles was
important for applications of nanoparticles as catalysts.
For larger plasmonic nanoparticles, it was already found that for the plasmonic
nanoparticles there was a dependence on particle size.7 At one time, it was postulated that
since there was only a moderate relationship between sensitivity with size of the
nanoparticle, that precise control of size would not yield different results and therefore was
not needed. However, as exactly precise nanoparticles were synthesized and studied, it was
noted that when metal nanoparticles are less than 3 nm other factors such as quantum size
begin to affect the behavior of the nanoparticle. It was found that ultrasmall nanoparticles
actually become very sensitive to particle size, even a single atom difference.12 With the
realization that size did matter, the studies on atomically precise nanoparticles increased.
Once the total structure of nanoparticles of different sizes and shapes were determined, it
would be possible to learn how ligands protect the core; to understand the material
properties at the atomic level by correlation with the structure; and further address the size
dependence and shape control, etc.7 Today, although the precise formula for a nanocluster
can be determined, the question of how size of the nanoparticle tunes the catalyst still
remains. Due to nanoparticles’ unique properties, studies have also begun to look towards
nanoclusters as catalysts for alternative forms of energy. Therefore, determining how size
affects the ability of a nanoparticle catalyst becomes a very important question.
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1.2 Thiol Protected Clusters
As mentioned above, nanoclusters are considered as a group of nanoparticles made
up of a specific number of atoms or molecules that can be exactly calculated. These
nanoclusters can be protected by a variety of ligands, however, the most popular and widely
used ligand is thiolate as it is very stable.
About 35 years ago, gold-thiol chemistry started to become a subject of broad and
current interest in the chemical community when research on self-assembled monolayers
(SAMs) first became published.7 From this work, other research groups started to explore
alternative gold-thiol chemistry. As they found that thiol-DNA-functionalized gold
nanoparticles were very stable, this gold-thiol chemistry became a model system to study.
This paved the way for research on gold-thiol chemistry’s application in both biological
systems and biomedical applications.7 Based on early work by Murray and co-workers it
was thought that atomic-level control over the nanoparticle size was unachievable. They
continued to research gold nanoparticles and eventually a basis of optimized reaction
conditions for producing gold nanoparticles was established and researchers could begin
to fine tune properties such as size. Using the standardized conditions (i) a large excess of
thiol and (ii) a large excess of reducing agent nanoparticles down to ~1nm with narrow
distributions could be made.13 Later, other groups continued to improve upon Murray’s
research when Tsukkuda improved the polyacrylamide gel electrophoresis (PAGE)
separation of the gold clusters and obtained high purity gold nanoclusters for the first
time.14 Through precise determination of the masses of the isolated species, distinct
nanoclusters were identified unequivocally.15 However, after purifying yields of the
individual clusters were very low. Eventually, after much research by many groups and
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breakthroughs in synthesis, two main methods for size-controlled synthesis of nanoclusters
emerged and allowed one to synthesize a series of gold nanoclusters in high yields. The
breakthroughs allowed for the field to progress to where it is today.
Now, much research is going into the application of nanoclusters and nanoparticles.
Today, areas of interest include catalysis, chemical sensing, optical imaging, biological
labeling and light-emitting devices. With so many applications nanoparticle and
nanoclusters become a very interesting and diverse field of study. Due to broad range of
applications, scientists across different fields of chemistry and medicine are curious about
how properties such as ligands, core size, and core stability can affect the nanoclusters
function and abilities in applications.
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Chapter 2: Oxidation Reduction Reactions with Bulky t-Butyl Thiolated Gold
Clusters and 4-tert-butylbenzene Thiolated Gold Clusters

2.1 Introduction:
In industry, the most common catalyst used in oxidation reduction reactions (ORR)
is the platinum catalyst. This is due to the fact that it not only reduces oxygen efficiently,
but it is also inert to most chemicals and solutions. However, it is very expensive, fairy
rare, and has a low tolerance for methanol.1 Therefore, it is important to find alternate
catalysts that can also be used in ORR without sacrificing efficiency but remaining cheaper
than platinum.
Theses oxidation reduction reaction are important as, oxygen, a common oxidant
for fuel cells, is reduced via this type of half reaction. As demands for renewable energy
technologies increase, so does the importance for oxygen electrocatalysis as many of these
technologies rely on oxygen electrochemistry, such as metal -air batteries, fuel cells,
electrocatalytic and photocatalytic water splitting, and fuel synthesis.2 The basis of oxygen
electrochemistry is that oxygen can be oxidized via two pathways: a two-electron transfer
or a four-electron transfer. Which is given by the reactions shown below:
O2(g) + 4 H+ (aq) + 4e- à 2 H2O (l) E0= + 1.229 V………….....(reaction 1)
O2(g) + 2 H+ (aq) + 2e- à H2O2 (l) E0= +0.670 V…………........(reaction 2)
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However, when in alkaline media, the half reactions can be written slightly
differently but they essentially mean the same thing. In basic solution they can be written
as:

O2(g) + 2H2O + 4e- à 4 OH- (l)

E0= +0.401 V………(reaction 3)

O2(g) + H2O + 2e- à HO2- (l) + OH-

E0= -0.065 V……….(reaction 4)

Due to the oxygen reduction reaction being one of the most kinetically difficult
components of efficient devices, they must operate under very small overpotentials near
zero. However, in practice, this is difficult to find as the reaction is both irreversible and
energetically demanding which requires the selective and efficient transfer of 4 electrons
where large overpoteintal values can be required. As platinum catalysts can perform
selective and efficient transfer of electrons under low overpotentials they are the most
commonly used catalyst for oxygen reduction reactions. When doing ORR chemistry using
platinum as a catalyst, the platinum catalysts helps to promote the reaction to occur through
the 4-electron pathway which in ORR chemistry is how catalysts are compared as the most
efficient catalysts reduce oxygen via the 4-electron pathway over the 2-electron pathway.
Instead of using platinum, first a series of different sized clusters with a bulky tButyl thiol group were explored for their catalytic activity. Then a second series of different
sized clusters that had a 4-tert-butylbenzenethiol group were also examined for their
catalytic activity. The ligands used for the two series is shown below in Figure 3.
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overpoteintal values can be required. As platinum catalysts can perform selective and
efficient transfer of electrons under low overpotentials they are the most commonly used
catalyst for oxygen reduction reactions. When doing ORR chemistry using platinum as a
catalyst, the platinum catalysts helps to promote the reaction to occur through the 4electron pathway which in ORR chemistry is how catalysts are compared as the most
efficient catalysts reduce oxygen via the 4-electron pathway over the 2-electron pathway.
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Figure 3 Ligands used in Series 1 and Series 2. The above figure is of the structures of
the ligands used in the two series. Where the bulky tert-butylthiol ligand was used for series
one and the 4-tert-butylbenzenethiol group was used for series two.
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These were chosen to be studied for ORR because of the nanoclusters’ unique
properties. Because of their ultra-small size, nanoclusters possess discrete molecule-like
electronic, optical, and electrochemical properties as well as specific packing of atoms on
nanocluster surface and the metallic core.3 This means that they have unique electronic and
structural aspects that cause them to have unique size dependent properties that are
different from bulk metals, metal complexes, and metal nanoparticles that could potentially
be exploited.4 Additionally, while gold is expensive and rare, it is not as expensive or as
rare as platinum and demonstrates unique properties as different sized nanoclusters. Like
platinum, gold is also noble metal meaning that it is considered inert and should not react
with different solutions whether they are basic or acidic. However, it has been found that
gold nanoparticles larger than 2 nm in diameter have been shown to possess interesting
catalytic properties when dispersed as ultrafine particles on metal oxide supports.5
During the experiment for the first series, four different sized gold nanoparticles
were studied. They were (23,16), (30,18), (46,24) and (65,29). The method of studying
their activity as a potential catalyst for ORR was via open circuit potential (OCP), rotating
disk-ring electrode (RRDE), and Koutecký-Levich rotating disk electrode experiments
(KLRDE). The setup can be seen in Figure 4 below.
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Figure 4 Cell Setup. The figure above is photo of the ORR setup. O2 & N2 shows where
the gas is introduced into the cell. N2 is for the control and O2 for the experiments.
RE/Ag/AgCl refers to the reference electrode used, CE (Pt) refers to the counter electrode
used, KOH/H2SO4 indicates the solutions used for the experiment. KOH is used for all ORR
experiments while H2SO4 can be used for hydrogen evolution reactions (HER). Finally, the
blue points to where the ring is located on the electrode. It is the silver ring. The yellow
arrow points to the insulating body which is the white part of the electrode. The orange
arrow refers to the actual glass carbon electrode where the catalyst/sample is loaded. It is
the black circle.
The OCP is a measure of the potential when there is no current flowing through the cell
and is used to model the equilibrium state. The RRDE measures both the peroxide
production, electron transfer and onset potential. To find the electron transfer and peroxide
production the following equations are used:
𝑛=

#$%

'
$% & (

………………………………………..equation (1)
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Equations 1 and 2: In both equations 1 and 2, IR represents the ring current, ID the disk
current, and 𝜂 the collection efficiency at the ring, 0.37V for the RDE used here. Equation
1 is the equation to find the electron transfer and equation 2 is used to find the peroxide
production.
However, electron transfer, onset potential, peroxide production and conversely water
production, as well as electron transfer rate constant, and transfer coefficient values can all
be derived via another method-KLRDE experiments. In the mixed kinetic diffusion regime
of the ORR kinetics can be described by the Koutecký-Levich (K-L) analysis of the data
and expressed as:16
2
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𝐵 = 0.62𝑛𝐹𝐴𝐶A (𝐷A )G 𝑣 .J ………………………………………….equation (5)
𝑗> = 𝑛𝐹𝐴𝑘𝐶A ………………………………………………………..equation (6)
Equations 3, 4, 5 and 6: In all of the equations, j is the measured current in amperes, jL
and jk are the diffusion-limited and kinetics currents respectively, n is the number of
electrons transferred, F is Faraday’s constant (96485 Cmol-1), A is the electrode area
(0.196 cm2 for the electrode that was used), C0 is the O2 concentration (1.2 x10-6 mol cm3 17
) in 0.1 M KOH. D0 is the diffusion coefficient of O2 in solution (1.9 x10-5cm2s-1) 17, v is
the kinematic viscosity (0.01 cm2s-1)18 in 0.1 M KOH, k is the rate constant (cm s-1) for
electron transfer, and 𝜔 is the angular frequency of electrode rotation (s-1). Plots of inverse
current vs inverse square root of the electrode rotation rate from the K-L equation yields
linear lines where the inverse of the slopes giving the values of B in equation 4, from which
the number of electrons transferred (n) can be calculated.
Using the K-L analysis and resulting plots, the electron transfer was calculated from
equation 4 where B is found from the inverse of the slopes of the inverse current vs inverse
square root of electrode rotation rate plot. While the rate constant was calculated from the
intercept of the plots and equation 5. Then using the K-L linear plot data, plots of ln k vs
overpotential are constructed. The intercepts of the lines correspond to lnk0 and the slopes
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are proportional to the transfer coefficient 𝛼. The open circuit potentials (OCP) values were
then used to find the overpotential values by using the equation 𝜂 = 𝐸 − 𝐸Z[ . Where E is
the potential in V at a given current density and Eeq is the potential in V from the OCP.

2.2 Materials and Methods:
Before doing any experiments, the carbon nanotube (CNT) or SWNT suspension
was prepared. The suspension is a 0.17% SWNT suspension prepared in 23% ethanol, 77%
water with 0.27% Nafion by sonicating for about 45 minutes at room temperature. As long
at the ratio above of ethanol, water, nafion and CNT are maintained the CNT protocol could
be scaled up or down as needed. For this experiment, the protocol was to add 1 mg of CNT,
500 uL of water, 150 uL of ethanol and 13 uL of 10% Nafion into an Eppendorf and
sonicated for about 45 minutes at room temperature.
Then to start preparation for the actual experiment, a 0.1 M solution of KOH is first
prepared and poured into the glass cell where the solution was saturated with O2 gas for 30
minutes. While the KOH was saturating, the samples were prepared.
For series 1, all of the samples were made by Tanya Jones, also, from the Dass
Research Group. The samples were (Au23S-tBu16), (Au30S-tBu18), (Au46S-tBu24), and
(Au65S-tBu29). Only one sample was prepared at a time. To prepare the sample to be tested,
one of the samples was picked and then re-suspended with toluene to a concentration of
8mg/mL. Then equal volumes of the sample and CNT were added together and briefly
sonicated and vortexed. For any clarification see Figure 5 below. This gave a final
AuNM/SWNT suspension concentration of 4 mg/mL. After vortexing, 10uL of the
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AuNM/SWNT suspension was drop cast on the RDE and dried under N2 gas until it was
completely dried and appeared like a thin film. This gave a final AuNM loading of 0.2
mg/cm2.

Figure 5 Sample Prep Schematic. The above figure shows a visual representation of the
sample preparation process and is shown to clarify the methods mentioned above and
below for both series.
For series 2, all of the samples were prepared by Arjun Sakthivel of the Dass
Research Group. The samples were (Au28S20), (Au44S28), (Au133S52), and (Au279S84). Only
one sample was prepared at a time. To prepare the sample to be tested, one of the samples
was picked and then re-suspended with toluene to a concentration of 2mg/mL. Then equal
volumes of the sample and CNT were added together and briefly sonicated and vortexed.
For any clarification see Figure 5 above. This gave a final AuNM/SWNT suspension
concentration of 1 mg/mL. After vortexing, 10uL of the AuNM/SWNT suspension was
drop cast on the RDE and dried under N2 gas until it was completely dried and appeared
like a thin film. This gave a final AuNM loading of 0.05 mg/cm2.
For both series, after the samples had been prepared and dropped on the electrode,
the electrode was inserted into the O2 saturated KOH. Then a O2 gas line was fed into the
cell so that all experiments could be performed under a constant flow of O2. Finally, the
computer software AfterMath was used to perform all the experiments after the parameters
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have been set. For all the ORR experiments: OCP, RRDE and KLRDE experiments are
ran. First OCP was ran with the following parameters: induction length of 3s, electrolysis
length of 300s, relax length of 1s and for 300 intervals. After OCP is ran RRDE and
KLRDE could then be run. First RRDE is ran with the following parameters: 1 segment,
initial potential 0.2V, final potential -1.5V, sweep rate 5mV/s, speed 2000RPM, and hold
ring at 0.34V. The results of each run were then transferred to excel. When the data was
consistently giving similar values with no large deviations, RRDE was finished. This was
after about 7-10 runs. After RRDE was finished, KLRDE was started using the following
parameters: 1 segment, initial potential 0.2V, final potential -1.5V, sweep rate 0.02V/s,
initial speed 400 RPM, final speed 2500 RPM, Levich steps with 6 iterations. The KLRDE
was then ran 3 times. Then once that was finished. The KLRDE data was also inputted into
excel and then averaged and standardized. Finally, the electrode was cleaned off using
Alumina Suspension 0.5mm. The above sample steps were repeated for each new sample.
This experiment was repeated over 4 lab sessions until all four samples were completed.
After all the samples were completed, Pt/C the industry standard was also prepared
and tested under the same conditions so that comparisons could be made. Therefore, for
series 1, the Pt/C was also suspended in toluene at a concentration of 2 mg/mL and for
series 2 at a concentration of 8mg/mL. As the Pt/C already had CNT, no CNT was added
to the sample. To keep the experiment the same, a sample of CNT mixture was prepared
but no CNT was added. 20uL of the Pt/C mixture was added to an Eppendorf and then
20uL of the no CNT mixture was also added. From here the same procedure that was used
for the samples was used for Pt/C where all ORR experiments were ran in the same manner
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as listed above. Then all the data was graphed together so that they could be compared to
each other and the Pt/C.
Finally, to determine the catalyst’s durability. One additional test, RDE was run.
The experiment was run at under the following conditions: 1 segment, initial potential 0.1V,
final potential -0.9 V, scan rate 0.02V/s at 1000 RPM. After the experiment was concluded
the catalyst was then collected by allowing 300 uL of toluene to flow over the electrode
where the flow-off was collected. The CNT remained on the electrode.

2.3 Results and Discussion Series 1:
First the Rotating Ring-Disk Electrode (RRDE) data was analyzed. Initially, based
on figure 6b there was believed to be a size correlation. This was due to the Eonset potentials
suggesting that such a relationship existed as the largest sample (65,29) exhibited an onset
potential of 0.96, while the two middle sized samples (46,24) and (30, 18) exhibited middle
onsets of 0.93 and 0.92 respectively. Finally, the smallest sample (23,16) exhibited the
smallest onset potential of 0.80. It was postulated based on this that there would be a similar
size correlation in electron transfer and hydrogen peroxide production as figure 6b
measures the oxygen reduction half-reaction. However, when the electron transfer and
peroxide production were found and graphed using the values from figure 6b and equations
1 and 2, it was found that this was not true. As shown in figure 6c and 6d, 6c shows that as
predicted the commercial catalyst platinum produced the least amount of peroxide at 11%
and the largest sample (65,29) produced the next smallest amount of peroxide at 23%.
Continuing with predicted size correlations sample (46, 24) produced the next smallest
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amount of peroxide at 31%. However, after sample (46,24) the size correlation theory did
not apply as based on the RRDE data as the smallest sample (23, 16) only produced 52%
peroxide while the larger (30,18) sample produced 61% peroxide. This same sort of trend
followed in electron transfer as Pt/C, (65,29) and (46,24) all followed the size trend with
electron transfer of 3.78, 3.54 and 3.38 respectively. Again (23,16) and (30,18) did not
follow this trend as they transferred 2.95 and 2.77 electrons respectively. This is all shown
in Table 1 below.
Based on the findings, it is believed that most of the oxygen is being reduced via
the 2-electron pathway that produces the peroxide anion. However, the industry catalyst
(Pt/C) and both larger samples (65,29) and (46,24) probably use both the 2-electron and 4electron pathway interchangeably, with the 4-electron pathway occurring more often. This
is supported by the fact that their electron transfer was between three and four. Additionally,
in figure 6b, Au65 (green) is the only disk current to demonstrate a sigmoidal behavior.
The differing decay profiles between AuNMs indicate differences in both surface activity
and mechanism of O2 reduction which was explained above.
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Figure 6 RRDE voltammogram Series 1. The figure above is the Rotating Ring-Disk
Electrode (RRDE) data for all the samples where pink was sample (23,16), the blue was
sample (30,18), the orange was sample (46,24), the green was sample (65,29) and the
purple was the reference sample (Pt/C). The graph a is the graph of the ring data while the
graph b is the graph of the disk data. The two-electron pathway reduces oxygen to peroxide
which is measured by the ring measurement. The four-electron pathway directly reduces
oxygen to water which is measured by the disk measurement. The standard deviations were
calculated from 3 different films, each film measured 5-6 times which is shown in the
shaded regions. The right two graphs c and d are of the peroxide production and electron
transfer respectively. All the data was collected in 0.1 M KOH saturated with pure O2 gas.
N2 saturated data is shown by the dashed curves in graph b and functions as a control. The
data was collected vs Ag/AgCl and then converted vs RHE using the formula ERHE =
0

EAg/AgCl + 0.059×pH + E

Ag/AgCl,

0

where E Ag/AgCl = 0.197 V).
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Sample
Pt/C

n
3.78

H2 O2 %
11

Au65/SWNT
3.54
23
(65,29)
Au46/SWNT
3.38
31
(46,24)
Au30/SWNT
2.77
52
(30,18)
Au23/SWNT
2.95
61
(23,16)
Table 1 RRDE results Series 1. The table above summarizes the results found from the
RRDE graphs shown in figure 6. It shows both the electron transfer n and the peroxide
production from each sample including the industry standard Pt/C.
After examining RRDE data, the RDE data from the Koutecký-Levich Rotating
Disk Electrode (KLRDE) experiment was examined in three different ways. First the data
was analyzed by the KLRDE voltammogram plots which can be seen in figure 7, then by
linear K-L plots seen in figure 8, and finally by the lnk vs overpotential plot as seen in
figure 9. From the plots in figure 7, it is determined that the highest Eonset potential for ORR
was 0.95 V vs RHE correlating with the largest sample while the smallest onset of 0.71 V
was observed for the smallest sample with the two middle-sized samples’ potentials
between both the smallest and largest sample’s potential.
Based on the plots in figure 7, the range of linearity was determined so that the
linear K-L plots could be constructed. From figure 7a, the range of linearity falls between
-0.3 and -0.8, for 7b it is between -0.1 and -0.4, for 7c it is between -0.1 and -0.2 and for
7d it falls between -0.0 and -0.1. Therefore, for all data in the range of -0.1 to -0.8 were
calculated and considered for the linear K-L plots. The KLRDE plots shown in figure 7
were then linearized by plotting the inverse square root of the rotation rate versus the
inverse current density in amperes. From the linear plots, linear regressions were run in
order to find both the slope and y-intercept. These linear plots can be found in figure 8.
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From all the potentials calculated, only the lines that were linear were kept for further
analysis as it is only the linear region that is of interest. In the linear region the slope of the
line, the intercepts and equations 3, 5 and 6 can be used to calculate the equilibrium rate
constant of electron transfer, peroxide production and the electron transfer. It was found
that the RRDE data and the KLRDE data did not match up when calculating the electron
transfer and peroxide production. It is not currently known why the data did not match up
however, it is known that the KLRDE data is preferred to the RRDE data, as it is
mathematically based and considered a sounder measurement. Therefore, that is the data
that was reported as more correct.
Sample
n
HO- (%)
k0
𝜼 (V) at j -1 mA cm2
𝜶
Au65/SWNT
0.08
3.2
80
4.6 x 10-3
0.20
(65,29)
Au46/SWNT
0.24
2.0
50
4.7 x 10-3
0.21
(46,24)
Au30/SWNT
0.24
2.5
63
1.9 x 10-3
0.16
(30,18)
Au23/SWNT
0.68
2.1
53
2.0 x 10-4
0.16
(23,16)
Table 2 KLRDE results Series 1. The above table is a summary of all the results obtained
from the K-L analysis of figures 7, 8, and 9. Where n and HO- (%) are different from what
was found using RRDE and were calculated using mixed kinetic-diffusion regimes instead
of equations 1 and 2. 𝜂 was measured from 𝜂=E-Eeq, open circuit potential of 0.86, 0.91,
0.89 and 0.91 V were used to obtain the overpotentials for Au23, Au30, Au46 and Au65
respectively. k0 was calculated from the intercepts of the lnk vs 𝜂 plots in figure 9 while
𝛼 was calculated from the slopes of the lnk vs 𝜂 plots in figure 9.
For the KLRDE, unlike RRDE there was not a clear a size correlation other than
the largest sample (65,29) producing the least amount of peroxide at 20% and transferring
the most electrons at 3.2. The rest of the samples showed no real size correlation when
referring to electron transfer or peroxide production as (46,24) only transferred 2.0
electrons and produced 50% peroxide, (30,18) transferred 2.5 electrons and produced 37%
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peroxide, and (23,16) transferred 2.1 electrons and produced 47% peroxide. This
information, however, still suggests that the largest sample Au65 is the most selective of
all the samples in using the 4-electron pathway to complete O2 reduction to water or in this
case OH-. However, this only held true at potentials beyond 0.51V. As at lower potentials
the electron transfer was lower over-all, however, in regard to OH- production the largest
sample stood out. It produced 80% OH- compared the next largest OH- production of only
63%, this also suggests that Au65 is the most selective for O2 reduction to OH- even though
it only transferred 3.2 electrons on average.
While the samples showed no real size correlation in electron transfer and peroxide
production, there was a size correlation in both equilibrium rate constant and transfer
coefficient (𝛼). The two largest samples (65,29) and (46,24) showed the largest rate
transfer constant with values of 4.6x10-3 and 4.7x10-3 respectively and transfer coefficient
values of 0.20 and 0.21 respectively, while the smaller samples (30,18) and (23,16) showed
smaller transfer rates of 1.9x10-3 and 2.0x10-4 respectively and both showed transfer
coefficient values of 0.16. In general, this means that the largest sample transfer rate
constant was approximately 23 times larger than that of the smallest and approximately
twice that of the next smallest while the two larger catalysts were very similar.
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Figure 7 RDE voltammogram Series 1. The figure above is the graphed data from the
Koutecký-Levich Rotating Disk Electrode (KLRDE) experiment. Graph a is of sample
(23,16), graph b is of sample (30,18), graph c is of sample (46,24), and graph d is of sample
(65,29). These plots were then used to make the linear Koutecký-Levich plots which are
shown in figure 8. All data was collected in O2 saturated 0.1 M KOH at a scan rate of
20mV/s.

Figure 8 K-L linear plots Series 1. The figure displayed above is the linear KouteckýLevich plots that correspond to graphs a-d shown above in figure 7. Graph e is of sample
(23,16), graph f is of sample (30,18), graph g is of sample (46,24), and graph h is of sample
(65,29). The data was collected in O2 saturated 0.1 M KOH and obtained from the RDE
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data in the mid overpotential range of mixed kinetic-diffusion currents obtained with
rotation rates of 676-2500 rpm. The lines represent the linear fits of the K-L plots. The
scan rate is 20mV/s.
Finally, overpotentials were examined. At a current density of -0.5 mA/cm2 the
overpotentials also highlight a size correlation trend where the largest sample has the
smallest overpotential of 0.4, the smallest sample has the largest overpotential of 0.82, and
the intermediate samples have values between both of these. At 2500 rpm and a current
density of -1 mA/cm2, this trend continues to hold true at which the resultant overpotentials
were 0.68, 0.25, 0.24, and 0.08 for the smallest (23, 16), (30, 18), (46,24), and the largest
(65,29) respectively. The overpoteintal values were determined by subtracting the OCP
value from the potential at a given current density, which in this case was -1 mA/cm2 to
find overpotential at that current density. For the graph of lnk vs overpotential the same
concept was applied where a range of overpotential values were found and plotted against
lnk where the graph below in Figure 9 was created from both the linear Koutecký-Levich
plots and the open circuit potential (OCP). From this plot the values of 𝛼 or transfer
coefficient can be calculated from the slope.
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Figure 9 lnk vs overpotential plot Series 1. The above figure is a lnk vs 𝜂 plot for the
data from the K-L plots in figure 8. In this graph the colors correspond to the same colors
from figure 7. The intercepts of the lines correspond to lnk0 and the slopes area
proportional to the transfer coefficient 𝛼. Open circuit potentials of 0.86, 0.91, 0.89 and
0.91 V were used to obtain the overpotentials for Au23 (red), Au30 (blue), Au46 (orange)
and Au65 (green), respectively.
In comparison to all of the samples that were tested a control was also run under
the same conditions. The control sample was commercial Pt/C (20%). It preformed the best
with an onset value of 0.93V, and an overpotential of 0.38V. It also had the highest electron
transfer and lowest peroxide production rate. All of which is indicative of it still being the
best catalyst on the market.
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Figure 10 Samples before and after catalysis Series 1. The figure above is (a) of the
sample before catalysis and (b) the sample after catalysis. The images can be directly
compared for color as they are at the same concentration following dilution.
Following all the experiments, a question about the survival of the catalysts was
postulated. Therefore, to determine the durability of the catalyst a subsequent RDE
experiment was run. When the catalyst demonstrated a stable current density, the catalyst
was then retrieved. The colors of the solution before and after catalysis were then compared.
As the solutions matched in color it was determined that the sample remained unchanged
after catalysis as shown in Figure 10.

2.4 Results and Discussion Series 2:
First the Rotating Ring-Disk Electrode (RRDE) data taken in O2 saturated 0.1 M
KOH was analyzed. From the RRDE voltammograms of the AuNMs shown in Figure 11,
some general features of ORR performance can be inferred from the observed disk
currents (figure 11b). The first feature observed is that the highest Eonset of 0.96 V was
observed for Au279 while the lowest Eonset 0.88 V was observed for Au28. That
corresponds to a difference of Eonset of 80 mV. The two-middle sized AuNMs, Au44 and
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Au133, showed Eonset values of 0.92 V and 0.94V respectively which fall between that of
the largest and smallest sized AuNMs in a fashion that suggests a size correlation.
Additionally, a higher current density ∆j of -2.3 mA/cm2 (measured at 0.46 V vs RHE)
was observed for Au279 compared to that of -1.1 mA/cm2 obtained for Au28. Au28 and
Au133 showed current densities of -1.1 mA/cm2 and -1.02 mA/cm2 respectively, which
were modest in comparison to the other samples. It is thought that this indicates a
sluggish ORR kinetics. All the samples’ current densities can be found in table 1. Finally,
for Au28, Au44 and Au133 and in less obvious manner Au279, a maximum current
density was observed at ~0.46 V with a slight increase in the 0.46 V to 0.37 V range
indicating the formation of HO2- on the catalyst surface.19,20 Furthermore, at potentials
more negative than 0.37 V a second reductive current was observed which was attributed
to the further reduction of HO2- to HO-.19,20
A commercial 20% Pt/C sample was tested as a control sample under identical
experimental conditions and catalyst loading. On the voltammogram this is shown as the
black curve. The largest sample Au279 showed a higher Eonset than that of Pt/C by
approximately 30 mV. However, Pt/C showed a slightly higher current density of -2.56
mA/cm2 at 0.46 V compared to that of Au279. As the observed Eonset for Au279 (0.96 V)
is similar to Pt/ITO (0.96 V)21 and Au10022 but higher than that of AuPC-1 (0.95 V)23,
commercial Pt/C (0.93 V, this work), PtAu/PyNG (0.92 V)24, Au11Cl3(PPh3)8 (0.86 V)25,
Au110/Au111 (0.84 V)22, Au/rGO (0.85 V)26, Au (1.8 nm) /rGO (0.88 V)27 and Au
(<2nm)/rGO (0.83 V)28. This data suggests that Au279 could be a viable electrocatalyst
for ORR.
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As a control, the data for all the AuNM samples were collected but in N2 saturated
0.1 M KOH instead of O2 which is shown in figure 1 by dashed lines. As the N2 saturated
data showed minimal currents, it confirmed that the observed catalytic current is due to
O2 reduction.

Figure 11 RRDE voltammograms Series 2. The figure above is the Rotating Ring-Disk
Electrode (RRDE) data for all the samples where red was sample (28,20), the green was
sample (44,28), the purple was sample (133,52), the orange was sample (279,84) and the
black was the reference sample (Pt/C). The graph a is the graph of the ring currents while
the graph b is the graph of the disk currents. The two-electron pathway reduces oxygen to
peroxide which is measured by the ring measurement. The four-electron pathway directly
reduces oxygen to water which is measured by the disk measurement. The right two graphs
3 and 4 are of the peroxide production and electron transfer respectively. The standard
deviations were calculated from 3 different films, each film measured 5-6 times which is
shown in the shaded regions. Graphs c and d are of the number of electrons transferred
and percent HO2- calculated from equations 1 and 2 and presented in the potential window
Eonset to 0.064 V (vs. RHE). All the data was collected in 0.1 M KOH saturated with pure
O2 gas. N2 saturated data is shown by the dashed curves in graph b and functions as a
control. The data was collected vs Ag/AgCl and then converted vs RHE using the formula
0
0
ERHE = EAg/AgCl + 0.059×pH + E Ag/AgCl, where E Ag/AgCl = 0.197 V).
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b (mV/dec)

3.85

HO2(%)
8

-1.12

3.52

23

59, 112

0.92

-1.35

3.60

21

74, --

0.94

-1.02

3.73

13

70, 119

0.96

-2.30

3.80

10

70, 123

Sample

Eonset (V vs RHE)

∆j (mA cm-2)

n

Pt/C

0.93

-2.56

Au28/SWNT
(28,20)
Au44/SWNT
(44,28)
Au133/SWNT
(133,52)
Au279/SWNT
(279,84)

0.88

70, 120

Table 3 RRDE Results Series 2. The above table is a summary of the collected results. ∆j
was calculated by subtracting the capacitance current at 1.1 V from those at 0.46 V. The
average n and % HO2- were calculated from between Eonset and 0.46 V. Finally, the b values
represent tafel slopes.
Based on the data obtained under the experimental conditions studied here, it is
demonstrated that a highest Eonset for Au279 and lowest for Au28 and follow a general
trend: larger the NM, higher the Eonset which is in contrast to the previous observation that
the smallest Au11Cl3(PPh3)8 molecule had demonstrated the highest Eonset and kinetic
current density compared to the largest NM Au140(S-(CH2)5CH3)53.25 However, the ligand
shell was not the same throughout the experiment. Jin and coworkers recently demonstrated
that with an increase in core size, maintaining the same ligand shell an improved
electrocatalytic oxygen evolution reaction was observed. Although various factors of the
metallic core including the stability, core size and surface-to-volume ratio play a critical
role in determining the resulting catalytic behavior, the ligand environment can tune the
electronic properties of the core as well as allowing facile or hindered access of substrates
to the metal surface, resulting in unpredictable catalytic behavior. Therefore, the observed
reverse trend in ORR catalysis between the previous study25and the one here could be
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attributed to the difference in ligand environment and NM structure in fine-tuning and
determining the observed size effect.
Still using the RRDE data, the number of electrons transferred during ORR (n) and
the corresponding production of peroxide anion (xHO2-) due to partial reduction of O2 were
calculated using equations 1 and 2 in the range of Eonset to 0.46 V which is the potential at
which maximum current density is observed. The average transferred electrons were
calculated to be 3.53 for Au28, 3.60 for Au44, 3.73 for Au133, 3.80 for Au279 and 3.85
for Pt/C. Additionally, the average calculated HO2- (%) produced correspond to 23%, 21%,
13% and 10 % for Au28, Au44, Au133 and Au279 respectively. From this data as the
highest HO2- was produced in the Au28 nanocomposite while the largest Au279 yielded
the lowest HO2-, it can be concluded that the Au279 was the most selective in reducing O2
to OH- via a direct 4e- pathway with minimum production of HO2- via the partial 2ereduction pathway. The control commercial 20% Pt/C transferred 3.85 electrons
corresponding to 8% HO2- (figure 11 c and d, table 3).
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Figure 12 RDE voltammogram Series 2. The figure above is the graphed data from the
Koutecký-Levich Rotating Disk Electrode (KLRDE) experiment. Graph a is of sample
Au28, graph b is of sample Au36, graph c is of sample Au133, and graph d is of sample
Au279. These plots were then used to make the linear Koutecký-Levich plots which are
shown in figure 13 below. All data was collected in O2 saturated 0.1 M KOH at a scan
rate of 20mV/s.

Figure 13 K-L linear plots Series 2. The figure displayed above is the linear KouteckýLevich plots that correspond to graphs a-d shown above in figure 12. Graph e is of sample
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Au28, graph f is of sample Au36, graph g is of sample Au133, and graph h is of sample
Au279. The data was collected in O2 saturated 0.1 M KOH and obtained from the RDE
data in the mid overpotential range of mixed kinetic-diffusion currents obtained with
rotation rates of 676-2500 rpm. The lines represent the linear fits of the K-L plots. The
scan rate is 20mV/s.
After running initial analysis on the series, it was decided to use Au36 instead of Au44
where the data was reanalyzed with the change to the series. Due to RRDE data not being
as mathematically sounds as KLRDE analysis via equations 3-6, only the KLRDE data and
results will be discussed for the series. Above in figures 12 and 13, the KLRDE graph and
corresponding K-L linear plots are shown from which electron transfer, transfer rate
constant, and transfer coefficient. Koutecký-Levich (K-L) analysis was preformed using
the RDE data collected between 676-2500 rpm as shown in figure 12.
Sample
𝜼 (V) at j -1 mA cm2
Au28/SWNT
0.04
(28,20)
Au36/SWNT
0.12
(36,28)
Au133/SWNT
0.25
(133,52)
Au279/SWNT
0.27
(279,84)

n
2.1

HO- (%)
52.5

k0
2.66 x 10-3

𝜶
0.11

4.2

100%

6.74 x 10-4

0.31

4.4

100%

4.78 x 10-4

0.19

2.7

67.5%

3.69 x 10-4

0.20

Table 4 KLRDE results Series 2. The above table is a summary of all the results obtained
from the K-L analysis of figures 12 and 13. Where n and HO- (%) are different from what
was found using RRDE and were calculated using mixed kinetic-diffusion regimes instead
of equations 1 and 2. 𝜂 was measured from 𝜂=E-Eeq, where open circuit potentials of 0.87,
0.88, 1.03 and 0.84 V were used to obtain the overpotentials for Au28, Au36, Au133 and
Au279 respectively. k0 was calculated from the intercepts of the K-L linear plots in figure
13, while 𝛼 was calculated from the slopes of the lnk vs 𝜂 plots in figure 15.
In general, from the table it is shown that Au36 and Au133 have electron transfer values
larger than 4 but the values are still within the standard error for this experiment. Based
upon that, there is no real tread in size affecting the electron transfer as the two middle
sized clusters display the largest electron transfer while both the largest and smallest cluster
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display much smaller electron transfer values. Furthermore, both transfer rate constant and
overpotentials show a trend of the smallest nanocluster showing both the largest rate
transfer constant and the smallest overpotential value. However, the smallest cluster also
displays the smallest transfer coefficient. In general, parts of the data such as overpotential
and transfer rate constant suggest that for this particular series the trend seems to be that
the smallest cluster demonstrates the largest activity which is in contrast to the finding from
series 1. However, in other parts, the results seem to suggest that the two middle sized
catalysts demonstrate the most catalytic potential. While the findings of both series are not
concurrent with each other, both series 1 and 2 used different ligands. Because the ligand
can have great effects on the electrochemistry, it is reasonable that the two series had
different results.

Figure 14 Tafel plots Series 2. The above figure is a tafel plot of Au28 (red), Au44 (green),
Au133 (magenta) Au279 (orange) and 20% Pt/C (black). The kinetic currents jk were
obtained from the intercepts of the K-L plots in figure 2b.
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For the original series of Au28, Au44, Au133, and Au278, a tafel plots of all the
AuNM composites was constructed where they all show two linear regions, one in the low
overpotential range (-0.27 to -0.33V) and another in the high overpotential range (-0.33 to
-0.45V). For the low overpotential range all the slope values are close to the theoretical
value of 59 mV/dec29 which corresponds to a two-electron transfer being the rate
determining step (RDS). It is possible that in the low overpotential region, the RDS of the
ORR process is governed by the transfer of two electrons from the AuNM electrocatalysts
to the substrate O2. However, for low overpotentials the back reaction cannot be
neglected.30 In the high overpotential region, slope values could be obtained for Au28,
Au30 and Au65. The slope values were close to the theoretical value of 118 mV/dec for a
typical Tafel slope30 involving one electron RDS where the first electron transfer from the
AuNM electrocatalyst to the O2 molecule is possibly attributable to be the overall RDS. In
the high overpotential region slope values for Au44 could not be obtained due to the
diffusion-controlled nature of the K-L plots Tafel slopes in this window. This is observed
by the almost horizontal “slope” in Figure 14. As it is desirable, that for the development
of efficient ORR electrocatalysts, the catalyst perform under diffusion-controlled
conditions with minimal dependence on the kinetic of the reaction, it can be deduced that
Au44 shows promise as a potential ORR electrocatalyst.
However, for the modified series of Au28, Au36, Au133, and Au279, a lnk vs
overpotential graph was constructed similar to that of series 1 which is shown below in
Figure 15.
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h (E-Eeq)

-0.4

Figure 15 lnk vs overpotential plot Series 2. The above figure is a lnk vs 𝜂 plot for the
data from the K-L plots in figure 13. In this graph the colors correspond to the same colors
from figure 12. The intercepts of the lines correspond to lnk0 and the slopes area
proportional to the transfer coefficient 𝛼. Open circuit potentials of 0.87, 0.88, 1.03 and
0.84 V were used to obtain the overpotentials for Au28 (red), Au36 (green), Au133 (blue)
and Au279 (orange), respectively.
From Figure 15 above the overpotential values were used to make the plot where the slope
of the lines allow for the transfer coefficient to be calculated. From the graph values of
0.11, 0.31, 0.19, and 0.20 were obtained for transfer coefficients for Au28, Au36, Au133,
and Au279 respectively. Furthermore, OCP values of 0.87, 0.88, 1.03, and 0.84V from
Au28, Au36, Au133, and Au279 respectively were used to find the overpotential values at
a current density of -1 mA/cm2 where it was found that they had values of 0.04, 0.12, 0.25,
0.27 for Au28, Au36, Au133, and Au279 respectively.
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Figure 16 Chronoampermetry plot Series 2. The chronoamperometry graph above
shows the durability of the catalysts over the tested period of 6 hours at a constant potential
of 0.46 V. Where Au28 (red), Au44 (blue), Au133 (purple) and Au279 (orange). The
rotation rate was 0 rpm and the electrolyte is O2 saturated 0.1 M KOH.
In order to test the durability of the catalysts from the original set,
chronoamperometry was used. After a test period of 6 hours with little to no change in the
current density, it was concluded that over the test period all the catalysts showed stable
current density at 0.46 V. This information suggests that the catalysts are durable
throughout the testing period and is seen in Figure 16.

2.4 Conclusion:
In conclusion, for series 1 a size trend was shown where the largest catalyst
produced the most OH- and least HO2- at 80% and 20% respectively. Additionally, the
largest catalyst Au64 exhibited a significantly higher electron transfer rate constant, 23x
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than that of Au23 the smallest catalyst. Furthermore, the largest NM only requires an
overpotential of 80mV to reach a current density of -1 mA/cm2 with a rotation rate of 2500
rpm. However, the smallest NM require 680 mV to achieve a similar current density under
the same conditions. The data suggests that the largest sized AuNM produces higher ORR
activity compared to that of the smallest. However, while these results presented here are
similar to what has recently been produced by Jin and coworkers on a different series of
AuNMs,29,30,31 they contrast previous studies of ORR where the smallest sized NM
exhibited the highest catalytic activity.32,33
For series 2, the original series of Au28, Au44, Au133, and Au279 showed that
there were some size correlations that were found as the largest NM Au279 showed the
highest onset potential and was the most selective for the O2 reduction producing ~90%
OH-, ~11% HO2-. While the smallest NM Au28 showed the lowest onset potential of
~80mV and produced only ~77% OH- and ~23% HO2-. Because Au279 has an onset
potential of 0.96 V, higher than that of the commercial 20% Pt/C sample and other industry
catalysts, it is postulated that Au279 could have potential as a good ORR catalyst.
Interestingly it was also found that when looking at Tafel analysis all but Au44 exhibited
two linear regions low and high overpotential regions that correspond to two and one
electron transfer rate determining steps, respectively. The second high overpotential region
slope could not be determined for Au44 which is believed to be because it demonstrates a
diffusion controlled current instead of the mixed kinetic diffusion behavior exhibited by
the other AuNMs. Today, it is desirable that efficient ORR electrocatalysts preform under
diffusion controlled conditions with little dependence on the kinetics of the reaction.
Therefore, as Au44 demonstrates a diffusion controlled current, it is also noted that Au44
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also shows promise as a potential ORR electrocatalyst. However, when re-analyzed with
the more mathematically sound method of the K-L linear plots and a modified series of
Au28, Au36, Au133, and Au279 the findings contrasted greatly. It was found that for the
modified series and the reanalyzed data, in some cases the smallest nanocluster
demonstrated the highest activity such as with the smallest overpotential value and the
largest transfer rate constant. However, contrastingly it transferred the least amount of
electrons. Furthermore, as far as electron transfer and peroxide production go, the two
middle sized clusters exhibit the highest electron transfer and lowest peroxide production.
The contrasting data of what was found in this study and the contrasting results
seen in recent literature seem to suggests that predicting catalytic trends of nanomaterials
is still elusive as many things such as core size and stability, and ligand effects can act
together to cause nanomaterials to have very different surface properties and therefore can
contribute to the different observed catalytic trends.
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